Sectored vesuvianite showing optically triclinic properties was studied by X-ray and P-FTIR analyses, and the origins of the internal optical texture are discussed. A monoclinic refinement (space group P2/n) suggests that site occupancies are slightly different among the Al(2) series, though the OH dipole is randomly oriented in all sectors. A relationship between the surface and internal texture suggests that these sectoral structures were produced during crystal growth, not by phase transitions.
Introduction
VESUVIANITE (Ca 19 (Mg, Fe 2+ , Al, Fe 3+ ) 13 Si 18 O 68 (O,OH,F) 10 ) is a widely-occurring rock-forming mineral (e.g. Johnson et al., 2000; Matsubara et al., 1998) , but there remain certain problems related to its crystal structure, optical properties and chemical composition.
The space group of vesuvianite was rst pronounced as P4/nnc by Warren and Modell (1931) , and this has been thought to be fundamental in the symmetry of vesuvianite (e.g. Lager et al., 1999) . The crystal structure, however, has since been re ned to space group P4nc or P4/n (e.g. Fitzgerald et al., 1986 Fitzgerald et al., , 1987 Ohkawa et al., 1994; Armbruster and Gnos, 2000) . Some vesuvianite crystals show weak re ections violating extinction rules on the <110> glide plane. Groat et al. (1993) observed X-ray precession photographs parallel to the b* c* and a* b* planes, and found violating re ections suggesting P4/n in some specimens with sectoral texture. Veblen and Wiechmann (1991) examined selected-area electron diffraction (SAED) patterns on 110* and found numerous strong diffraction spots with k + l = 2n + 1, which are consistent with violation of the {100} n-glide extinction rules in space group P4/nnc. They suggested that the violating diffractions are caused by the ne-scale domains, and that the space group is P2/n or lower. Some vesuvianite crystals are optically biaxial, and therefore their structure must have lower than tetragonal symmetry.
Optical symmetry is lower than morphological symmetry in some minerals, and this phenomenon has been referred to as 'optical anomaly' since the 19 th century (Mallard, 1877) . It has been suggested that the origin of these anomalies in many cases is crystal strain (e.g. Brauns, 1883) . Although the morphological symmetry of vesuvianite is tetragonal, its optical anomaly has been known since the 19 th century (e.g. Brauns, 1891) . The origin was explained as a strain or impurity in the crystal structure. Recently, the origin of the optical anomaly of vesuvianite was explained as psuedomerohedral twins of ne-scale domains resulting from a phase transition between a high-temperature P4/nnc and a low-temperature P2/n or lower structure (Veblen and Wiechmann, 1991) . Groat et al. (1993) suggested that the origin of low symmetry is due to the ferroelastic phase transition, in which the space group is reduced from P4/nnc to P4/n. On the other hand, Allen and Burnham (1992) suggested that the origin of the low optical symmetry is due to cation ordering during crystal growth. Thus, the origin of the optical anomaly of vesuvianite is not, as yet, de nite.
The purpose of the present study is to analyse the crystal structure of optically triclinic vesuvianite, and discuss the origin of low-symmetry sectors.
Experimental

Optical observation
The specimens studied are from Bellecombe, Aosta, Italy. The crystal form observed by the scanning electron microscope is shown in Fig. 1 . The crystal size is small (~16165 mm) and the crystal habit is variable. The colour is dark brown. The thin-sections parallel to the (001) and (110) faces are shown in Figs 2 and 4, respectively. This specimen is not altered, and the texture is clear under an optical microscope with crossed nicols. The specimens show optical growth sectors correspondingto the crystal faces. Some specimens from the same locality, however, are homogeneous when viewed between crossed nicols. Figure 3 shows a schematic sketch of Fig. 2 . Detailed optical observation suggests that the optical indicatrix axes are not parallel to the morphological crystallographic axes in either the {110} or the {111} sectors. In addition, the {110} and {111} sectors have several twins parallel to the (110) face, suggesting that the sectors are monoclinic or triclinic. In Fig. 4 , the two black and white sectors related by twins correspond with the {111} sector. The optic indicatrix axis, X, inclines at 38 to the c axis, and therefore all optic indicatrix axes of the {111} sector are not parallel to the crystallographic axes, indicating optically triclinic symmetry. Furthermore, the 2V value is larger in the {111} sector (2Va = 458) than in the {110} sector (2Va = 258), suggesting that the triclinicity of the {111} sector is greater than that of the {110} sector.
Chemical composition
The chemical composition was analysed by electron microprobe analysis (JEOL-8800M) (Table 1) , showing no signi cant difference between the sectors. According to Groat et al. (1992) , B-bearing vesuvianite is optically positive, and vesuvianite without B is negative. The present specimens are optically negative, and therefore B is assumed to be low in these specimens, though it was not analysed.
Thermal and P-FTIR studies
Although the specimens were heated up to 8008C, the sectors were still observed between crossed nicols, after cooling back to room temperature. The 2V value of the sectors, however, became smaller after heating than before. The triclinic sectors of the unheated specimens were observed by polarized Fourier Transform Infrared Spectroscopy (P-FTIR) (JEOL JIR-DIAMOND-20 FTIR microspectrometer) in order to obtain the OH-vibration spectra. The observation shows that the OH dipole is not in any preferred orientation in this specimen.
Crystal structure refinement
The single crystals were handpicked from the {110} and {111} sectors in the section parallel to FIG. 1. SEM micrograph of vesuvianite from Bellecombe, Aosta, Italy. The (001) face is small in the nearer crystal, but larger in that to the rear.
(001) face. The {100} sector is small, and therefore the crystal could not be handpicked from this sector. The specimen of the {110} sector used for the study is 70660660 mm and the {111} sector is 80670670 mm in size. The lattice parameters were measured with a kappa four-circle diffractometer (MAC Science, MXC) with graphite-monochromated Mo-Ka radiation (l = 0.71073 A Ê ) by a least-squares procedure applied to sin 2y values of 48 re ections ranging from 30 to 358 (Table 2 ). The precession photographs (m = 308, 72 h exposure) parallel to the a* b*, b* c*, and 110* planes show no streaks or symmetry violating diffractions. In the lattice parameters of the {110} and {111} sectors, the b angle is slightly larger than 908, and the a, g angles are~908, indicating monoclinic symmetry. The optic orientation shows that both the {110} and {111} sectors are triclinic, whereas the lattice parameters indicate monoclinic symmetry in these sectors. Since the triclinicity is low, the crystal structure re nements were carried out in monoclinic symmetry.
The linear absorption coef cient is~30.6/cm, and therefore the difference of transmission factor between long and short lengths is~3%, and can be ignored.
X-ray diffraction intensity data were measured at room temperature using the o-2y scan method from 3 to 608 in the {110} sector and from 3 to 558 in the {111} sector on an automated fourcircle single-crystal X-ray diffractometer with graphite-monochromated Mo-Ka 1 radiation (l = 0.70930 A Ê ). Scattering factors for all atoms were taken from the International Tables for X-ray Crystallography (1974) . After Lorentz and polarization corrections, sets of intensity data were obtained. No absorption corrections were made because of the small difference in transmission factor.
Since a Wilson plot showed the existence of an inversion centre in the structure, the space group FIG. 2. The {001}, {110}, {111} and other sectors with high index in the thin-section parallel to the (001) face. The {001} sector is uniaxial, whereas the other sectors are biaxial (2Va = 258 in the {110} sector, 2Va = 458 in the {111} sector). Crossed nicols. must correspond to P2/n, not Pn. Therefore the crystal structures were re ned using a full-matrix least-squares method in monoclinic P2/n. The starting atomic coordinates for the monoclinic re nements were derived from the tetragonal structure given by Lager et al. (1999) . All calculations were performed using the teXsan crystallographic software package of the Molecular Structure Corporation (1985, 1992) . The results of the re nement are given in Table 3 .
The atomic coordinates and anisotropic displacement parameters are listed in Tables 4a, 4b, 5a and 5b. Selected interatomic distances are summarized in Tables 6a and 6b . There are slight differences between Al(2a) O(2a) and Al(2b) O(2b) and between Al(2a) O(11a) and Al(2b) O(11b) in the {110} sector, and between Al(2b) O(2b) and Al(2d) O(2d) in the {111} sector. Thus, both sectors are monoclinic.
The site occupancies of Al in the four Al(1) sites and the four Al(2) sites are shown in Table 7 . Although the site occupancies of Al are similar among the four Al(1) sites in both the {110} and {111} sectors, the slight difference is observed at the four Al(2) sites. The differences in site occupancies of the Al(2) series are larger in the {111} sector than in the {110} sector. Warren and Modell (1931) , several different models have been proposed for the structure of vesuvianite. Although the space group was assumed to be P4/nnc by Warren and Modell (1931) , Armbruster and Gnos (2000) re ned the crystal structure to space groups P4nc and P4/n. The 4-and 4-fold axes, however, were not observed in the present specimens. Since the specimen is optically triclinic, the correct structural symmetry must be triclinic, even if the triclinicity is low.
The differences of Al occupancy between Al(2a) and Al(2b) , and Al(2c) and Al(2d) are 5.8 and 4.4 times standard deviation in the {110} sector, respectively. Also, the difference is 9.0 and 5.3 times in the {111} sector, respectively. Therefore the symmetry is reduced from tetragonal to at least monoclinic in both the {110} and {111} sectors. Furthermore, the difference in the Al occupancy in the {111} sector (2Va = 458) is larger than that in the {110} sector (2Va = 258) (Fig. 5) . It is suggested that the triclinicity is greater in the {111} sector than in the {110} sector. X-ray analysis correlates with the optical observation.
Origin of sectoral structure
Similar sectors are observed in adularia (Akizuki and Sunagawa, 1978) , topaz (Akizuki et al., 1979) , grossular-andradite garnet (Akizuki, 1984; Shtukenberg et al., 2001) , apophyllite (Akizuki and Terada, 1998) and some other minerals (e.g. alum in Shtukenberg et al., 2000) . It is thought that the sectors result from cation (Al 3+ /Si 4+ , Al 3+ /Fe 3+ ) or anion (OH /F ) ordering or preferred orientation of the OH dipole during crystal growth. Akizuki et al. (1979) suggested that the sectoral textures of topaz become extinct upon heating, and Akizuki and Terada (1998) suggested that the low symmetry of apophyllite is due to preferred orientation of the OH dipole. Groat et al. (1993) found that the sectors of vesuvianite are extinct at 5008C, and Groat et al. (1995) (2) vesuvianite. However, the OH dipole is randomly oriented in the present vesuvianite. Therefore, it is suggested that the low symmetry of the specimen is not due to preferred orientation of OH dipoles.
Ak izuki (1981 ) proposed a forma ti on mechanism for cation ordering in zeolites and some other minerals. Since the atomic ordering occurs by a charge balance of atoms along growth steps, if the growth steps are normal to the TABLE 6a. Selected interatomic distances (A Ê ) of the {110} sector. symmetrical mirror plane, the mirror plane will be maintained during growth. If the steps are inclined to the mirror plane, the structure will not have the symmetry of the morphological symmetry plane.
The crystal structure of vesuvianite is similar to that of grandite garnet, and Akizuki (1984) suggested that the low-symmetry sector of grandite garnet is produced by same mechanism Table 6b . Selected interatomic distances (A Ê ) of the {111} sector.
proposed by Akizuki (1981) . Thus, the symmetry of monoclinic vesuvianite with sectors can be explained by this mechanism. The (110) and (111) faces of vesuvianite are inclined to the (001) and (100) morphological symmetry planes, resulting in the ordered structure with respect to the Al and Fe atoms. Allen and Burnham (1992) suggested this was the origin of the optical anomaly of vesuvianite as well, because the texture is similar to that of zeolites (e.g. Akizuki, 1981) .
The monoclinic ordered structure is stable rather than the tetragonal disordered one at low temperature, because the tetragonal structure transforms to monoclinic in nature (Veblen and Wiechmann, 1991) . The vesuvianite we have studied, which consists of both stable and metastable phases, was produced during nonequilibrium growth. The population of Fe was calculated by the difference between full population and calculated population of Al.
